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Purpose 
The purpose of this thesis was to clarify 1) how architectures of individual muscles (vastus 
lateralis, VL; vastus medialis, VM; vastus intermedius, VI; rectus femoris RF) of the quadriceps femoris 
change following training, 2) how the observed changes differ between different training regimens (knee 
extension and leg extension; simultaneous extension of knee and hip joints) and 3) what are the factors 
influencing different architectural responses among muscles and between training regimens. To this end, a 
longitudinal experiment using knee extension training was firstly performed. Next, cross-sectional and 
longitudinal experiments were conducted on sport athletes who had executed habitual competitive and 
training activities involving repetitive leg extensions. Lastly, the activation level of the quadriceps femoris 
was compared between conditions with knee extension and leg extension exercises. 
 
Chapter 2 
The purpose of this study was to examine the influence of knee extension training on the 
individual muscle architecture of the quadriceps femoris and clarify whether architectural changes are 
uniform among the four muscles and within a muscle. Eleven healthy men completed a knee extension 
training for 12 weeks. Before and after the training period, muscle thicknesses, fascicle lengths and 
pennation angles of four muscles (VL, VM, VI, RF) in several regions (2 - 4 regions per each muscle) 
were measured using ultrasonography. Anatomical cross-sectional areas (ACSAs) at the same positions as 
the ultrasound measurements were determined from magnetic resonance (MR) images. Relative changes 
in the ACSA, muscle thickness and pennation angle of RF were significantly greater than those of the 
vasti. Relative changes in the ACSA of VL and RF were significantly greater in the distal than in the 
proximal region, and those in muscle thickness and pennation angle of VI were significantly greater in the 
medial than in the lateral region. Fascicle length did not change in any muscles. The relation between 
muscle thickness and pennation angle remained unchanged after the intervention, with a significant 
association between the relative changes of the two variables. The results indicate that 1) hypertrophy of 
the quadriceps femoris is associated with a proportional increase in pennation angle but not necessarily in 
fascicle length, and 2) training-induced changes in muscle size and pennation do not evenly occur among 
the quadriceps femoris, along or across a muscle.      
 
Chapter 3 
Section 1 
 The purpose of this study was to examine the quantitative profiles of the four muscles of the 
quadriceps femoris in oarsmen through comparison with untrained men. MR images of the right thigh 
were obtained from 14 oarsmen and 19 untrained men. From the MR images, the volume of each muscle 
of the quadriceps femoris was determined. The volumes of the total quadriceps femoris, VL, VM and VI 
were significantly greater in the oarsmen than in the untrained men, whereas that of RF was comparable 
for the two groups. The percentage of RF to the total quadriceps femoris volume was significantly higher 
in the untrained men than in the oarsmen, and vice versa for VL. The current results suggest inferior 
muscular hypertrophy of RF compared to the vasti in oarsmen.     
 
Section 2 
This study examined the influence of regular training of competitive cycling on individual 
muscle volume of the quadriceps femoris cross-sectionally and longitudinally. MR images of the right 
thigh were obtained from eight experienced varsity male cyclists (experience: > 4 years) and 10 untrained 
men (experiment 1), and from 12 (10 male, 2 female) varsity cyclists before and after competitive cycling 
training for 6 months (experiment 2). From the MR images, the volumes of each muscle of the quadriceps 
femoris were determined. The volumes of VL, VM and VI were significantly greater in the experienced 
cyclists than in the untrained men (experiment 1), and increased significantly after the competitive 
training for 6 months (experiment 2). On the other hand, the volumes of RF were similar between the 
experienced cyclists and untrained men (experiment 1), and did not change by competitive cycling 
training (experiment 2). The results indicate that competitive cycling training induces muscle-specific 
hypertrophy of the quadriceps femoris, leading to quantitative profiles of the musculature in experienced 
cyclists. 
 
Chapter 4 
 This study tested the hypothesis that activation of RF during knee extension is decreased upon 
additional hip extension. The subjects (9 male, 2 female) lay supine with the hip at 90˚, and extended the 
knee to straight from 90˚ in 5 seconds, while maintaining constant isometric hip extension torque at each 
intensity of 0, 20 or 50% of the maximal voluntary contraction (MVCHE) (constant isometric hip 
extension torque condition). In addition, while exerting constant isometric knee extension torque, the 
subject performed a ramp isometric hip extension by increasing the torque form relaxation to the 
maximum in 5 seconds (ramp isometric hip extension torque condition). In both conditions, a weight 
(equivalent to 10% of maximal voluntary knee extension) was attached to the lower leg. Surface 
electromyographic (EMG) signals were obtained from VL, VM, RF and biceps femoris, and the root 
mean square values of the EMG signals (RMS-EMG) during each trial were calculated. In the constant 
isometric hip extension torque condition, RMS-EMG of RF was significantly higher in 0%MVCHE 
condition than in 20 and 50%MVCHE conditions. On the other hand, RMS-EMGs of VL and VM were 
highest in 50%MVCHE condition, and lower in 20%MVCHE and 0%MVCHE conditions in this order. In the 
ramp isometric hip extension torque condition, with increasing hip extension torque, RMS-EMG of RF 
significantly decreased whereas those of VL, VM and biceps femoris significantly increased. The current 
study demonstrates that the activation of RF during knee extension decreases with additional hip 
extension, and vice versa for the VL and VM.     
 
Chapter 5 
 The purpose of this study was to examine the activation levels of the quadriceps femoris during 
knee extension and leg press and compared them between the two exercise regimens, and to examine the 
influence of exercise intensity on the activation level of the quadriceps femoris. Nine healthy men 
performed knee extension and leg press at each intensity of 20, 40, 60 and 80% of one repetition 
maximum (1RM) for each exercise, respectively. Surface EMG signals were obtained from VL, VM and 
RF, and RMS-EMGs during each trial were calculated for each muscle. The RMS-EMGs were highest in 
the condition of 80% of 1RM, and lower for 60%, 40% and 20% in this order, irrespective of muscles and 
exercises. There was no significant difference in RMS-EMG of VL or VM between the knee extension 
and leg press exercises. On the other hand, RMS-EMG of RF was significantly higher in the knee 
extension than in the leg press exercise in all intensities, whereas no significant difference was found 
between the conditions of leg press at 80% of 1RM and knee extension at 20% of 1RM. The current 
results indicate that activation levels of the quadriceps femoris increase with the exercise intensity both in 
knee extension and leg extension exercises, but that of RF during leg extension exercise is substantially 
low, even when the exercise intensity (80% of 1RM) is considered to be high enough to induce 
hypertrophy of the quadriceps femoris.     
 
Chapter 6 
Based on the results of Chapter 2 and Chapter 3, it became clear that architectural adaptations 
of the quadriceps femoris differ among individual muscles of the quadriceps femoris, especially between 
the vasti and RF. It was also found that such muscle specificity was exercise-dependent. Single-joint knee 
extension training induced greatest architectural response in RF (Chapter 2), whereas multi-joint leg 
extension training elicited hypertrophy of the vasti but not of RF (Chapter 3). Cross-sectional data of 
Chapter 3 (experienced oarsmen and cyclists) discard the possibility of time course difference in 
hypertrophic response between RF and the vasti. These findings indicate that architectural adaptation of 
the quadriceps femoris is muscle- and exercise-specific. Additional analyses suggested that current 
findings are generalized in terms of anatomical features of muscles: leg extension training induces 
hypertrophy of the monoarticular muscles but not of biarticular muscles.   
The results of Chapter 5 showed substantial activations of VL, VM and RF during knee 
extension exercise at 80% of 1RM, supporting the hypertrophic as well as architectural responsiveness of 
these muscles following knee extension training in Chapter 2. However, inter-muscle difference in 
architectural response in Chapter 2 cannot be explained by the difference in muscle activation during the 
knee extension exercise. Therefore, it is possible that there are other influencing factors, such as 
difference in fiber type composition or protein synthesis, rather than the difference in activation levels 
among the muscles. On the other hand, the results of Chapter 4 and Chapter 5 can account for the exercise 
dependence of RF responsiveness. The major difference of training regimens between Chapter 2 and 
Chapter 3 is whether or not knee extension is accompanied by hip extension. The results of Chapter 4 
indicate that hip extension torque development is associated with a decrease in the activation of RF 
during knee extension. In fact, the activation level of RF was lower than those of VL and VM during the 
leg extension exercise, and lower than that of RF itself during the knee extension exercise (Chapter 5). 
Furthermore, the activation level of RF at a high intensity (80% of 1RM) of leg extension was 
substantially low (similar to that during 20% of 1RM of knee extension exercise, Chapter 5), suggesting 
minimal stimulus from the leg extension training to bring about a hypertrophic response of RF, regardless 
of the training intensity. Taken together, it is concluded that the differences in activation levels among the 
muscles and between the exercises are related to whether or not hip extension is involved in the exercises. 
It is highly possible that such differences are the major factors for the muscle- and exercise-specific 
adaptation of the quadriceps femoris.  
